Field studies on winter wheat canopy interception with its relations to leaf area index (LAI), plant height, drop diameter, wind speed, and water application intensity were carried out. Canopy interception was measured using the water wiping method. Results indicate that the maximum value of winter wheat canopy interception was not more than 1.0 mm, much smaller than presented by previous investigators. The total canopy interception for the growing season was 2.4 mm, only 1.3% of the total irrigation amount (194.6 mm), for four sprinkler irrigation events during 2003. Canopy interception increased as leaf area index and plant height increased. A linear regression model was developed to express the relationship of canopy interception with leaf area index and plant height. There was good agreement between the values of canopy interception measured using the water wiping method and estimated using the linear regression model. Results also indicate that canopy interception decreased as drop diameter and wind speed increased. An exponential relationship was found between canopy interception and drop size, and a linear relationship between canopy interception and the square of the wind speed. Water application intensity does not affect canopy interception significantly. #
Introduction
Canopy interception is the amount of water remaining on a plant after rainfall or sprinkler irrigation. Several reports have reported that canopy interception ranged from 1.8 to 2.7 mm for corn (Steiner et al., 1983; Seginer, 1967; Smajstrla and Hanson, 1980; Lamm and Manges, 2000) and more than 10 mm for winter wheat (Du et al., 2001; Li and Rao, 2000) . Corn intercepted less than 8% of the total water applied by impact sprinkler irrigation in day time (Tolk et al., 1995) and 25-30% of the total water applied on early days of grouting (Du et al., 2001 ) and 24-28% of the total seasonal water applied (Li and Rao, 2000) for winter wheat.
Canopy interception is commonly considered to be one portion of irrigation water use efficiency analysis. Some research results (Tolk et al., 1995; Kang et al., 2002; Liu et al., 2002) suggest that it might also be an important factor influencing field microclimate. Tolk et al. (1995) found that vapor pressure deficit inside canopy decreased and canopy temperature declined sharply. Kang et al. (2002) found that air temperature near the ground surface in sprinkler irrigated fields was significantly lower and vapor pressure was higher than that in surface irrigation fields. These influences appeared not only on the day of sprinkler irrigation but also on days during the whole sprinkler irrigation season.
Many factors, such as leaf area index (LAI), plant height, sprinkler drop diameter, water application intensity, and wind speed, might influence canopy interception. Haynes (1940) found that rainfall interception decreased during a storm because canopy interception reduced as leaf surfaces became wet and heavier. Li and Rao (2000) reported that LAI had little effect on canopy interception under full canopy conditions. Canopy interception includes water on leaf and stem surfaces and water trapped in the leaf sheath area and in the ears. Because stemflow, throughfall, and irrigation amount are all measured variables containing experimental errors, the results obtained by different investigators are quite different. To better understand canopy interception and its effects on field microclimate, further research is required. Such information is also meaningful for setting irrigation amount in sprinkler irrigation scheduling and planning.
The objectives of this study are: (1) to examine winter wheat canopy interception at different growth stages; and (2) to examine the effects of LAI, plant height, drop diameter, wind speed, and water application intensity on canopy interception. An experimental plot with area of 8 m Â 8 m was selected from the sprinkler irrigation field for experiments of effects of LAI, plant height, wind speed and water application intensity on canopy interception. An additional small sprinkler irrigation system with four plastic impact sprinklers (Nlgo 80B2, made in Israel) was installed in the experimental plot. A water meter was installed at the beginning of the irrigation system. At each corner of the experimental plot, there was one sprinkler mounted on a 130 cm high riser. The location of the experimental plot was sometimes changed according to the experimental requirements.
Materials and methods

Experimental site
A sprinkler (CYH-1, made in China) with single nozzle and wetted radius of 19 m was installed in the sprinkler irrigation field for the experiment of the effect of drop diameter on winter wheat canopy interception. Five points with distances of 1.5, 5.0, 9.0, 13.0 and 15.0 m from the sprinkler were designed for measurement of canopy interception.
Observations
Canopy interception
Canopy interception was measured using the water wiping method (Wang et al., 2004) . Before measurement, adequate number of pieces of macromolecule bibulous cotton (MBC) with high capability to adsorb water were prepared and kept in plastic bags. Weights of the plastic bags were weighed using a scale with precision of 1/10,000 g. Twenty-five plants were selected randomly and marked for each observation event. After irrigation, MBC were immediately taken from the plastic bags to wipe water on the plants. The wiping process carefully avoided water beads falling down from leaves. Water intercepted by leaves, sheath, stem and ears (if tassel) of every winter wheat was almost completely absorbed by the MBC. The MBC were put back into the same plastic bags as before and weighed immediately. The average amount of water intercepted per winter wheat plant was calculated by:
where I i is the weight change of the plastic bag with MBC for wiping winter wheat i (g) or amount of water intercepted by winter wheat i (g); and I avg is the average amount of water intercepted by the 25 winter wheat plants (g). The canopy interception is calculated by:
where W CI is the canopy interception (mm); and n is the number of winter wheat plants per square meter. Nearly all of the observations were conducted after sunset except that for the study of influence of wind speed on canopy interception. The relative humidity was fairly high during the observation periods. Except during the analysis of the influence of wind speed on canopy interception, wind speed during observations was no more than 0.5 m/s. Thus, evaporation losses during the observation periods were neglected.
Four days with different wind speeds between May 29 and June 1 with relatively stable LAI were selected for canopy interception measurement in order to study the influence of wind speed on canopy interception.
Plant height and LAI
Leaf area (LA) and plant height were measured every 5 or 10 days. At each interval, 25 plants were selected randomly from the experimental field to measure leaf area using the scanner method (Yang et al., 2002) and to measure height using a ruler. Total LA of the winter wheat per unit land area is the average LA of the 25 plants multiplied by density of winter wheat per unit area. LAI is defined as the ratio of leaf area to land area and obtained by the total LA of the winter wheat divided by the unit area of field.
Water application intensity, drop diameter and wind speed
Water application intensity was calculated by water value measured using the water meter installed at the inlet of the irrigation system divided by irrigation area. Different water application intensities were obtained by adjusting the rotation direction of the four plastic sprinklers in different combinations. The water application intensity was the smallest when the rotation directions of the four sprinklers were 3608 and the water application intensity was largest when the rotation direction of the four sprinklers were 908 with respect to the experimental plot.
The distribution of drop diameters from the sprinkler was measured using the flour method (Li et al., 1994) where D is the drop diameter (mm); and x is the distance from sprinkler (m). Drop diameters at the points for canopy interception measurement were estimated using Eq. (3). The experiments were done four times between May 24 and 27. Wind speed at 2 m high during the measurement periods were obtained from a weather station installed in the center of the sprinkler irrigation field. . These values were quite smaller than that reported by Li and Rao (2000) and Du et al. (2001) . Further analytical results indicate that the water depth on the leaves ranged from 0.11 to 0.14 mm when canopy interception is expressed as water depth on the leaf surfaces. This result approximates that measured (0.17-0.18 mm) using the water wiping method (Wang et al., 2004) and is less than that (1.46-1.91 mm) measured using rain gages or catch cans (Li and Rao, 2000; Du et al., 2001 ). winter wheat blossoming (205 days after seeding) and after blossoming is shown by lines 1 and 2 in Fig. 4 . The results indicate that there is a significant difference between lines 1 and 2 with canopy interception per LAI after tasseling. Regression analysis provides that the relationship between canopy interception and LAI can be expressed by:
Effect of LAI and plant height on canopy interception
before winter wheat blossoming and
after winter wheat blossoming. The predicted and measured W CI are shown in Fig. 2 . Because the increasing rate of canopy interception before winter wheat blossoming was higher than the decreasing rate after blossoming, other factors may be influencing canopy interception. Canopy interception is also influenced by plant height because the stems can also adsorb water. Generally, the plant height is nearly stable after winter wheat blossoming, though LAI decreases gradually. There is a significant relation between canopy interception and plant height as shown by Fig. 5 . Regression analysis found that the relationship of canopy interception versus LAI and plant height can be expressed by:
where H denotes plant height (cm). The partial correlation coefficients of LAI and H to W CI are 0.95 and 0.94, respectively. This indicates that plant height is the main reason that line 2 is higher than line 1 in Fig. 4 . Further analysis found that there is good agreement between the predicted values of canopy interception using Eq. (6) and the measured values as shown by line III and line I in Fig. 2 . Using Eq. (6), the canopy interception on April 24, April 27 and May 1, 2003 are also estimated and compared with the measured values. LAIs were 3.4, 3.5 and 3.6, and plant heights were 69.1, 73.6 and 77.4 cm for 3 days, respectively. The estimated values of canopy interception are 0.61, 0.65 and 0.68 mm for the 3 days, respectively, and the measured values of canopy interception using the water wiping method were 0.60, 0.62 and 0.65 mm for the same 3 days. The maximum error is 4.7% (May 1, 2003) . This indicates that Eq. (6) might be a common equation for estimating winter wheat canopy interception. Of course, further verification is required in the future, especially for different wheat varieties.
Effect of water application intensity on canopy interception
The experiments of effect of water application intensity (WAI) on canopy interception were carried out between May 9 and 20, 2003. To avoid the influences of the changes in LAI and canopy height, only the data between May 16 and 20, 2003 , was used to analyze the relationship between canopy interception and water application intensity as LAI only changed from 3.1 to about 3.3, and plant heights was constant (81.6 cm) over these 5 days. Water application intensities were 71.6, 23.0, 7.8, 9.6 and 34.1 mm/h for the experiments on these 5 days, respectively, however the canopy interception were 0.75, 0.72, 0.76, 0.72, 0.72 mm, respectively. This indicates that there is no significant relationship between WAI and canopy interception. 
Effect of drop diameter on canopy interception
Canopy interception was measured at five points at distances of 1.5, 5.0, 9.0, 13.0 and 15.0 m from the sprinkler. Drop diameters are 0.56, 0.93, 1.6, 2.78 and 3.67 mm in diameter calculated for the five points, respectively, using Eq. (3). Fig. 6 illustrates the relationship between drop diameter and canopy interception. The result indicates that the canopy interception decreases as drop diameter increases. Regression analysis also found that the relationship between drop diameter and canopy interception can be expressed by:
By further investigation it was found that wax layers on wheat leaves and the kinetic energy of drops are the main factors influencing canopy interception. A large droplet usually is divided into several small droplets when it falls down on a leaf and some of them adsorbed by the leaf and adjacent leaves and some of them down to the soil. Because of the effect of wax layer, some small droplets adsorbed by leaves will accumulate to form large beads and stand on the leaves during a sprinkling process. When droplets are small, their kinetic energies are low and their impinging forces on leaves are small. Thus, the leaves flicker slightly, and the large droplets and beads stay on the leaves. Otherwise, large size drops have large kinetic energy and their impinging forces on leaves are large, and the leaves flicker violently. The large droplets are more likely to fall down from the leaves.
3.5. Effect of wind speed on canopy interception Table 1 presents average wind speeds at height of 2 m during sprinkler irrigation events for experiments on the effect of wind speed on winter wheat canopy interception. Wind speed ranged from 0.5 to 3.2 m/s. The relationship between wind speed and canopy interception is shown by Fig. 7 . The result indicates that canopy interception decreases as wind speed increases. A significant relationship between canopy interception and the square of the wind speed (V 2 ) can be found, as expressed by the form as follows: neglecting the effects of wind speed and drop diameter, the total canopy interception was 2.4 mm during whole period of winter wheat growth was estimated using Eq. (6). It accounted for 1.3% of the total irrigation amount (194.6 mm). This suggests that canopy interception can be neglected in decisions of irrigation amount for sprinkler irrigation scheduling and planning.
Conclusions
Field study for winter wheat canopy interception with its relations to LAI, plant height, drop diameter, wind speed, and water application intensity were carried out where canopy interception was measured using the water wiping method (Wang et al., 2004) . The general results can be summarized as:
(1) The maximum canopy interception value of winter wheat was no more than 1.0 mm and it was significantly smaller than that presented by the other investigators (Li and Rao, 2000; Du et al., 2001 ). The total canopy interception was 2.4 mm, which accounted for only 1.3% of the total irrigation amount (194.6 mm), for the four sprinkler irrigation events during whole period of winter wheat growth in 2003. These results indicate that the canopy interception can be neglected in decision of irrigation amount for sprinkler irrigation scheduling and planning. (2) Winter wheat canopy interception is affected not only by LAI but also by plant height.
Winter wheat canopy interception increased as LAI and height increased, and decreased as LAI and height decreased. The relation of canopy interception to LAI and plant height appears to be linear. A linear regression model was developed to express the relation of canopy interception to LAI and plant height. The two lines of canopy interception measured and estimated using the linear regression model were close (Fig. 2) . (3) Drop diameter and wind speed affect canopy interception also. Canopy interception decreases as drop diameter and wind speed increases. The relationship between canopy interception and drop diameter is exponential, while there is a linear relationship between canopy interception and the square of wind speed. Water application intensity does not affect canopy interception significantly. 
